Thrombospondin-1 (TSP) is a ~~O -K D glycoprotein that was initially discovered in the platelet a-granule. It now appears that TSP is intimately involved in the regulation of a variety of cellular functions and cell-to-cell interactions. Recently, it has been demonstrated that TSP functions as a p53dependent inhibitor of angiogenesis in cultured fibroblasts from Li-Fraumeni patients and therefore may be an important factor involved with tumor invasion and metastasis. It has previously been demonstrated that TSP can be detected in frozen tissue sections by immunohistochemical methods. Our objective in this study was to determine the optimal antigen retrieval (AR) protocol for detection of TSP in formalin-fued, padm-embedded tissue by using tissue sections from patients with invasive transitional cell carcinoma
Introduction
Thrombospondin (TSP) is a 450-KD adhesive glycoprotein that was initially discovered in platelets, where it is sequestered within the platelet a-granule (1) . Human TSP is a disulfide-bonded trimer (2), consisting of several different molecular domains including a heparin-binding amino terminal, a calcium-dependent region, three EGF-like repeats, and a carboxy-terminal domain (1). In addition to being involved with hemostasis as a component of the platelet a-granule, TSP is synthesized and secreted by many normal and transformed cells in culture (3). TSP is now recognized as an endogenous constituent of the extracellular matrix in many human tissues.
TSP has been implicated in the regulation of cell growth and proliferation (4), cell motility (5,6), cytoskeletal organization (3), inflammation and wound healing (7) , and development and differentiation of cell types (8, 9) . Both supportive and inhibitory roles for TSP in cancer cell proliferation and metastasis have been reported (10) (11) (12) (13) (14) . Recently, attention has been focused on TSP and its possible role as a p53-dependent inhibitor of angiogenesis (15.16 of the bladder. The optimal AR protocol was determined utilizing a variety of heating conditions and antigen retrieval buffers. Our results demonstrate that TSP can be reliably detected in paraffin-embedded tissue by immunohistochemical techniques that utilize AR with high-temperature microwave heating and a low-pH Tris-HC1 buffer. The importance of this method is that it allows the reliable detection of TSP in archival tissue. This should facilitate further investigation into TSP's role in the regulation of cellular processes, including its influence on tumor angiogenesis and metastasis. (J Hisrochem Cytochem M:741-766, 1%) KEY WORDS: Thrombospondin; Immunohistochemistry; Antigen retrieval.
Techniques that have been used previously to characterize TSP expression in cell culture or in tissue sections include detection of TSP mRNA (7, 8, (16) (17) (18) (19) , immunoblot analysis (8), and ELISA assay (6, 14) . Immunohistochemical methods have also been applied to the detection of TSP, but they have been limited mostly to immunofluorescence of cells in culture (8, 13, 18) or to frozen sections of human tissues (11, 17, (20) (21) (22) (23) .
Immunolocalization of TSP in paraffin-embedded tissue has been reported but has not been well characterized (7, 9, 19, 24) . None of these studies reports using antigen retrieval (AR) methods ( 2 5 ) to optimize immunostaining of TSP in these paraffin-embedded tissue sections.
Given the recent interest in characterizing TSP expression in human tissue, the ability to detect TSP in routinely processed, formalin-fixed, paraffin-embedded archival tissue sections should assist in the further elucidation of TSPs role in tumor angiogenesis. In this study we examined various heating conditions utilizing microwave irradiation and autoclave heating, as well as a variety of AR buffers, to determine the optimal AR protocol for immunohistochemical detection of TSP in routinely processed, formalinfixed, paraffin-embedded tissue. This method will form the basis of future research into the proposed regulatory role of TSP in human malignancy.
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Materials and Methods
Tissues and Paraffin Blocks. Formalin-fixed, paraffin-embedded tissue blocks of transitional cell carcinoma from patients undergoing radical cystectomy for muscle-invasive bladder cancer at the University of Southern CalifornialKenneth Norris Comprehensive Cancer Center were used in this study. Five-pm tissue sections were cut and mounted on commercially provided, positively charged slides (ProbeOn Plus; Fisher Scientific, Pittsburgh, PA). Frozen specimens of muscle-invasive transitional cell carcinoma were used as a control. Frozen section slides were cut from these bladder specimens and fixed in a 10% formalin solution in aqueous phosphate bufffer before performance of immunohistochemical staining. Formalin was chosen as the fixative for frozen specimens because it provided better antigen detection compared with tissue fixation in cold acetone.
AR Heating
Methods. An H2550 microwave (MW) oven (Energy Beam Sciences; Agawam, MA) was used to set the heating time and desired temperature. The temperature was measured by a probe inside the MW oven.
This temperature probe was placed in a Coplin jar that was mounted on a 5 x 4-cm piece of hard cardboard and set on the center of the turning plate of the MW oven. This assembly served to fix both the Coplin jar and the temperature probe in the center of the MW oven. Two additional Coplin jars, one filled with deionized water and the other filled with the selected AR solution, and slides were set around the central jar within a distance of about 2-3 cm. The heating time was adjusted by the MW oven, as it started to count heating time only after the desired temperature had been reached. Between different heating tests, the central jar was cooled with cold tapwater to measure the exact temperature for each new test run.
An autoclave was used to yield a super-heating condition of 120°C for 10 min. The results obtained with autoclave heating were then compared with those obtained by MW heating to determine the optimal AR protocol. Coplin jars containing slides and the appropriate AR solution were covered, taped, and then set in the autoclave.
AR Buffer Solutions. The Tris-HC1 buffer solutions were prepared as previously reported (26) . Stock solutions of Tris-HCI buffer were 1 M of Tris base and 1 N HCI (Sigma; St Louis, MO). Stock solutions were diluted to 0.1 M to be used as a working solution. The pH value of each buffer solution was measured by a pH electrode (Orion Research; Boston, MA) just before performance of AR.
Citrate buffer solution was prepared as previously described (27) .
Antibody. AntiTSP antibody was a generous gift from Dr. Jack Lawler (Department of Vascular Surgery, Harvard Medical School). The antibody used was the mouse anti-TSP monoclonal antibody (MAb) MA-11, which recognizes an epitope in the heparin binding domain of TSP-1 (28) . Dilutions of 1100 and 11000 of primary antibody were utilized for all experiments.
AR Treatment. Before AR, all routinely processed paraffin-embedded tissues were deparaffinized with iodine-xylene and rehydrated with 95 O/ o and 100% ethanol. Endogenous peroxidase was quenched in 3 % hydrogen peroxide-methanol for 20 min. Slides were then washed with tapwater followed by distilled water, and then placed in a Coplin jar with the appropriate AR solution. To determine the optimal AR protocol for the anti-TSP antibody, slides were heated in the M w oven at 100°C four times for S min, twice for 3 min, and 90'C once for 5 min.
Each of these heating protocols was performed with pH 1, pH 6, and pH 10 AR buffer. Ten slides were used. Nine slides were used for the three AR buffers at pH 1. 6, and 10, utilizing the three heating conditions outlined above, and one slide was stained without AR pretreatment. After immunostaining, the intensity and specificity of the reaction were evaluated and the strongest intensity was selected to represent the optimal protocol. Identical experiments were performed using a commercially available MW oven (Panasonic model NN-5652A) at the highest power setting. The temperature control for this MW oven is not as precise as that obtained for the H2550 oven.
After determining the optimal AR protocol using the MW oven, slides were run using the autoclave as the heating source to determine ifthis method would yield superior results. Coplin jars containing specimen slides and AR solutions of pH 1, 3,6, and 10 were placed in the autoclave and heated for 10 min. After immunostaining, the intensity and specificity were evaluated and compared to that of the optimal microwave protocol.
Once the optimal AR protocol was determined, a side-by-side comparison of TSP detection was made in five tumor specimens using frozen vs paraffin-embedded tissue. In addition, overnight incubation of these specimens in the optimal AR buffer, without heating, was performed.
Immunohistochemical Staining Procedure for paraffin-embedded Specimens. After AR treatment, slides were cooled for 15 min. followed by the immunohistochemical staining procedure. Briefly, normal horse serum was used to block nonspecific binding in tissue sections for 20 min. The primary antibody was incubated overnight at 4°C. Tissues were then incubated with a biotinylated horse anti-mouse secondary antibody, and reactivity was visualized using the Elite avidin-biotin-immunoperoxidax system (Vector Laboratories; Burlingame, CA), using aminoethylkarbazol as the chromogen. A negative control slide was treated in the same manner, except that the primary antibody was eliminated.
The slides were reviewed by three investigators (GDG. RJC. SRS) by light microscopy to evaluate the intensity and localization of the immune react ion.
Immunohistochemical Staining Procedure for Frozen Specimens. Frozen section slides were fixed in a 10% formalin solution in aqueous phosphate buffer for 10 min before performance of immunohistochemical staining. The staining protocol was identical to that used for paraffin-embedded tissue.
Results

Immunohistochemical Staining of Frozen Tissue Sections
Immunostaining using the anti-7SP antibody MA-I1 in frozen bladder sections demonstrated a n extracellular staining pattern ( Figure   1A) . These tissue sections consisted of both normal urothelium and areas of transitional cell carcinoma. TSP staining was most intense in t h e connective tissue a n d t h e vessel walls within and immedi- 
Determination of tbe Optimal AR Protocol
Immunostaining of paraffin-embedded tissue sections, without utilizing AR, revealed a nonspecific staining pattern (Figure 1B) , including a high degree of background staining in both the cytoplasm and nuclei of the tumor cells. The strongest characteristic pattern of extracellular localization of TSP in paraffin-embedded bladder sections was found using a high-temperature (MW 100°C four times for 5 min), low pH (Tris-HCI, pH 1) AR protocol (Figure IC) . Again, TSP staining was most intense in the connective tissue stroma surrounding areas of invasive carcinoma. Other protocols utilizing a lower temperature, a shorter heating interval, or a high-pH buffer demonstrated a suboptimal pattern of nonspecific staining that was similar to that obtained without AR treatment (Table I; Figure ID) . MW heating utilizing the Panasonic microwave oven at the highest temperature setting twice for 5 min showed similar results to those obtained with the H2S5O oven four times for 5 min. Heating four times for 5 min in the Panasonic oven destroyed tissue architecture. The results of a side-by-side comparison of TSP detection in frozen vs paraffin-embedded tissue sections utilizing five tumor specimens are summarized in Table 2 . In each case, TSP detection in paraffin-embedded tissue sections using the optimal AR protocol was similar to that seen in frozen tissue. Also included in this table are the results obtained using AR with a pH 1 buffer incubated overnight without heating. This AR method was found to be inferior to the optimal MW AR protocol in each case. As is evident in Figure IC , nuclear and cellular detail may be lost when AR is performed with a low-pH buffer. Consequently, we performed AR using pH 3 buffer with the optimal MW AR protocol. Although nuclear and cellular detail were improved with the pH 3 protocol, TSP detection was inferior to that obtained with a pH 1 buffer (Table 2).
Comparison of Microwave Heating with Autoclaving
To further investigate the optimal AR protocol for TSP, we compared results obtained using the MW oven with those obtained using the autoclave as the heating source. Slides were placed in the autoclave for 10 min at 120°C. AR solutions tested included Tris-HC1 pH 1, 3, 6, and 10 as well as citrate, pH 6. Although a moderate staining intensity could be found using Tris-HC1 pH 3 and pH 6 with autoclave heating, the strongest characteristic pat- tern of extracellular localization was still obtained using a protocol of high-temperature MW heating with Tris-HC1 buffer at pH 1. A nonspecific staining pattern was found when the autoclave was used with an AR buffer of Tris-HC1 pH 10 or citrate pH 6. This was similar to the staining pattern seen without AR pretreatment.
When an AR buffer of Tris-HC1 pH 1 was used in the autoclave, tissue architecture was completely destroyed, making it impossible to interpret the immunostaining pattern.
Discussion
Several methods have been used to detect TSP expression in either tissue sections or in cell culture, including immunohistochemistry. Immunohistochemical methods not only detect TSP expression in tissue but also confirm its location within the tissue section. Most studies reporting immunolocalization of TSP have made use of frozen tissue sections. TSP has been localized to the peritubular connective tissue of kidney, the basement membrane regions beneath glandular epithelium in skin and lung, the dermal-epidermal junction in skin, and the interstitial areas in skeletal muscle, confirming the extracellular location of TSP in tissues (20) . This is consistent with our results, in which TSP was found to be primarily localized to the extracellular matrix. In addition to normal tissue, TSP has been detected immunohistochemically in the basement membrane surrounding in situ breast carcinoma and in the desmoplastic stroma surrounding invasive ductal carcinomas of the breast (17). Few studies have described immunohistochemical detection of TSP in paraffin-embedded tissue, and none of these studies has reported on the use of AR techniques. The advantages of utilizing AR in this setting include improved immunostaining in archival formalin-fixed tissue with a reduction in the incidence of false-negative staining, as well as the ability to increase the dilution of primary antibody used to achieve adequate staining (25) . Immunohistochemical localization of TSP in benign and malignant tissue may lead to a better understanding of TSP's involvement in cellular interactions. TSP has been found to be an important component of the extracellular matrix in many human tissues and appears to be involved in the regulation of a variety of cellular processes. Among the many functions attributed to TSP, its proposed role as a p53-dependent inhibitor of angiogenesis may lead to an understanding of the mechanism by which tumor cells acquire the ability to invade and metastasize.
To better study the expression of TSP in human tissues, we have developed a method by which TSP can be reliably detected in formalin-fiued, paraffin-embedded tissue. Compared with frozen tissue sections, paraffin-embedded tissue sections provide better tissue morphology. However, the most important advantage of paraffin-embedded tissue, compared with frozen tissue, is tissue availability. Most surgical specimens are routinely formalin-fixed and paraffin-embedded. The ability to utilize archival tissue for immunohistochemical studies not only increases the tissue available to the researcher but also allows the use of archival tissue from patients with extended clinical follow-up.
This report describes a rational approach to defining the AR conditions for optimal TSP detection in formalin-fixed, paraffinembedded tissue, which is consistent with the concept of a "test battery" approach to AR that has been previously reported (29). We feel that this approach is applicable whenever researchers are confronted with a new antibody. The optimal AR protocol for TSP was first determined utilizing the MW oven as the heating source by altering heating conditions (both heating temperature and heating time) as well as the pH of the AR buffer solution. Because autoclave heating has been shown to be comparable or superior to MW heating for AR (30) . we subsequently sought to improve on the results obtained with the MW oven by utilizing the autoclave as the AR heating source. In the case of TSP, the results obtained with the autoclave were inferior to those obtained with the MW oven. This may not be the case with other antigens. In addition, overnight incubation of tissue specimens in pH 1 buffer, without heating, provided inferior results to those obtained with the MW oven. We subsequently performed a side-by-side comparison of TSP detection in frozen vs paraffin-embedded tissue sections, which confirms that paraffin-embedded sections can reliably be substituted for frozen sections if the optimal AR protocol is utilized. The reproducibility of this method of AR has been confirmed in approximately 200 archival cases of routinely processed, formalinfixed, paraffin-embedded tissue blocks of muscle-invasive transitional cell carcinoma of the bladder.
Nuclear and cellular detail may be lost when AR is performed with a low pH buffer secondary to a weak hematoxylin counterstain. This problem has previously been reported (26) and was encountered in our experiments ( Figure IC ). In addition, false nuclear positivity may be seen after AR with low-pH buffer. Since pH 6 and pH 10 buffer solutions provided poor results with respect to TSP detection, we attempted AR with a pH 3 buffer to determine if antigen detection was similar to that seen with pH 1 buffer while preserving cellular detail. In each case tested, the pH 1 protocol provided superior results with respect to TSP detection compared with the pH 3 protocol.
In summary, this report demonstrates that TSP can reliably be detected in paraffin-embedded tissue using AR techniques. We are now using this method to correlate TSP expression with p53 status and microvessel density counts in patients with muscle-invasive transitional cell carcinoma of the bladder, to examine the role of TSP as a potential p53-dependent inhibitor of angiogenesis. This method can be employed in a variety of malignant tissues in the future to continue investigation into the role of TSP in tumor invasion and metastasis. This study also illustrates the importance of a rational approach to the selection of an optimal AR protocol when a new antibody is used. Because no universal AR solution or AR protocol exists that is applicable to all antigens, this systematic approach to AR proved beneficial in determining the "maximal retrieval level" for the anti-TSP antibody MA-11.
